I. INTRODUCTION
Over the past years, increased attention has been given to polyphenolic compounds, mainly due to their interesting pharmacological properties. These compounds are known to present a number of health beneficial effects, arising from their antioxidant, anti-inflammatory, and vasodilating properties. 1 In particular, they show antimutagenic, anticarcinogenic, antihyperglycemic, immune-stimulating, antibacterial, and cardioprotective properties. [2] [3] [4] [5] [6] Gallic acid (GA, 3,4,5-trihydroxybenzoic acid; Scheme 1) has three phenolic OH groups. This compound is present in fruits and vegetables and is used in the food industry as a natural antioxidant. 7 Its important biological effects [3] [4] [5] [6] and applications have motivated a series of studies of its structure, properties, and interactions in the solid state and in solution. The crystal structures of several polymorphs of GA in monohydrate [8] [9] [10] and anhydrous 11 forms are known. These polymorphs differ in the conformational arrangement of the hydroxyl groups and in the hydrogen-bonding system established within the molecule and between GA and the water molecules in the case of the monohydrated forms.
The infrared (IR) and Raman spectra of GA have been obtained for the polycrystalline and dry solids in KBr matrix 10, [12] [13] [14] and the spectra have been interpreted with the help of Density Functional Theory (DFT) computation of vibrational frequencies and intensities for some of GA conformers. However, difficulties were found in the assignment of the spectra of the polycrystalline solid due to the strong intermolecular hydrogen bonds present, which caused the broadening and mixing of the vibrational modes. 12 Strong intermolecular interactions are also present in solution, and to deal with this, Cappelli and co-authors used various theoretical solvation approaches, ranging from continuum to a) Author to whom correspondence should be addressed. Electronic mail:
liciniaj@ci.uc.pt mixed continuum-discrete solvation, to model the effects of solution environment on the IR, electronic absorption (UV), and nuclear magnetic resonance (NMR) spectra of gallic acid. 15 The effect of the chemical environment on the vibrational spectra of crystalline GA was also investigated by Billes and co-workers, 10 through calculation (DFT) of the IR and Raman spectra of a chemical model constructed with two GA molecules bridged by a hydrogen-bonded water molecule. Both the spectral changes due to the presence of water in the crystal structure and the solvent bulk effect of water were analyzed. The theoretical calculations showed that the crystallization water causes major changes in the vibrational spectra due to the very strong hydrogen bonds, whereas the solvent bulk effect, which was modeled using Onsager's dipole field theory, showed only a minor effect on the spectra. 10 These results are in line with those found in solution by Cappelli and co-workers. 15 The low-temperature matrix-isolation technique is suitable to study the conformation of small and medium size molecules, since it allows to trap and isolate individual conformers in an almost inert environment. In a cryogenic low-concentration matrix, the substrate molecules do not interact with each other, do not rotate, nor diffuse. Under these conditions, the vibrational spectra are much better resolved, allowing a more direct comparison with the theoretical gasphase simulated spectra. Noble gases, such as Ne, Ar, Kr, and Xe, and a variety of other materials, such as N 2 , are commonly used as matrix host materials. In spite of being relatively inert, significant dispersion and H-bond like interactions with the substrate have been found to occur, particularly with Xe, 16 due to its high polarizability, and with N 2 . 17 While strong interactions between the matrix atoms and the substrate may complicate the interpretation of spectra, at the same time these interactions may stabilize certain species. This property can be used when the aim is to study high energy conformers, which are not thermally populated in the gas phase. These conformers can be produced in a low-temperature matrix SCHEME 1. Structure of gallic acid and atom numbering adopted in this work.
by irradiation with narrowband near-IR laser light. 18, 19 For example, it has been found that high-energy conformers of formic acid, 20 squaric acid, 21 glycolic acid, 22 glycine, 23 and alanine 24, 25 are stabilized in N 2 matrices. To the best of our knowledge, there has been no published data reporting studies on isolated individual conformers of GA in a cryogenic matrix. In order to fill this gap, in the present investigation the relative stability and equilibrium populations of gallic acid conformers present in the vapor of the compound used to prepare the cryogenic matrices were first estimated by performing an extensive series of quantum chemical calculations on this compound. Then, the infrared spectra of gallic acid in a series of cryogenic matrices (N 2 , Xe, and Ar) were obtained, and conformational interconversion processes were induced by annealing or in situ narrowband conformer-selective near-IR excitation. A rationalization for the observed near-IR-induced isomerization processes is presented, which takes into account the performed detailed theoretical characterization of the potential energy surface of the molecule. The effects of the spectrometer IR broadband source beam on the conformational populations were also investigated. Finally, the UV-induced photochemistry of matrix-isolated GA was also studied.
II. EXPERIMENTAL PROCEDURES

A. Materials
Gallic acid (Sigma-Aldrich, ≥97.5% purity) and gaseous nitrogen, xenon, and argon (Air Liquide, purity: N50, N48 and N60, respectively) were used.
B. Matrix-isolation
The matrices were prepared by sublimation of a solid sample of GA and depositing the resulting vapors simultaneously with a large excess of nitrogen, xenon, or argon gas onto an optical CsI substrate cooled to a temperature in the range 10-30 K by an APD Cryogenics closed-cycle helium refrigeration system with a DE-202A expander. GA was sublimated at ∼355 K using a miniature resistively heated glass oven placed in the vacuum chamber of the cryostat. The temperature of the CsI window was measured directly at the sample holder by a silicon diode sensor, connected to a digital temperature controller (Scientific Instruments, model 9650-1), which provides an accuracy of 0.1 K.
C. FTIR spectroscopy
The infrared spectra of the matrices were obtained using a Thermo Nicolet Nexus 6700 Fourier transform infrared spectrometer, equipped with a deuterated triglycine sulfate (DTGS) detector and a Ge/KBr beam splitter (mid-IR) or CaF 2 beam splitter (near-IR). The mid-IR spectra were recorded in the 4000-400 cm −1 range with 0.5 cm −1 resolution. For GA isolated in Ar and N 2 matrices, the near-IR spectrum was also recorded (range 7500-2100 cm −1 ; 1 cm −1 resolution) to determine the frequencies of the ν(O-H) overtone vibrations of GA. This was required to tune the laser-MOPO system at the proper frequencies during the near-IR irradiation experiments. Modifications of the sample compartment of the spectrometer were made in order to accommodate the cryostat head and allow an efficient purging of the system by a continuous stream of dry air to avoid interference from atmospheric H 2 O and CO 2 . In some experiments, a standard Edmund Optics longpass filter was used (transmission cutoff value of ∼4.50 µm) to protect the matrix from infrared light with wavenumbers above 2200 cm −1 .
D. UV and near-IR laser irradiation experiments
Xenon matrices were irradiated with monochromatic UV light (310-275 nm range) using the tunable frequency-doubled signal beam provided by a Quanta-Ray MOPO-SL pulsed optical parametric oscillator (full width at half-maximum, fwhm ∼0.2 cm −1 ; pulse energy 1-2 mJ) pumped with a pulsed Nd:YAG laser (pulse duration 10 ns, repetition rate 10 Hz). For near-IR irradiations, N 2 matrices were irradiated with the light provided by the idler beam of the same optical parameter oscillator (pulse energy 10-12 mJ).
E. Theoretical calculations
The geometries of nine gallic acid conformers (see calculated relative energies in Table I) , relevant transition states, and possible products photogenerated from gallic acid were fully optimized using the density functional theory DFT(B3LYP) method [26] [27] [28] with the Becke's three-parameter exchange functional 26 and the Lee, Yang, and Parr correlation functional. 27 The standard 6-311++G(d,p) basis set was used in these calculations. At the optimized geometries, the harmonic vibrational frequencies and IR intensities were calculated at the same DFT(B3LYP)/6-311++G(d,p) level. The relaxed potential energy profiles of gallic acid were also calculated at the same theory level. All the calculations were performed with the GAUSSIAN 09 program. 29 The harmonic vibrational frequencies, used in the analysis of experimental IR spectra, were scaled by factors of 0.978 and 0.940, below and above 3300 cm −1 , respectively. This scaling approach was then used throughout the study, and was also applied for scaling the predicted spectra of the photoproducts. The resulting frequencies, together with the calculated intensities, were used to simulate the spectra shown in the figures. In these simulations, the absorptions were broadened by Lorentzian profiles (fwhm = 2 or 8 cm −1 ) centered at the calculated (scaled) frequencies, using the SYNSPEC 30 software. Note that the peak intensities in the simulated spectra (shown TABLE I. Relative electronic (∆E el ), zero-point vibrational (∆ ZPE ), total (∆E total ) energies (kJ mol −1 ), Gibbs energies at 355 K (∆G 355K ), and the equilibrium populations of the gallic acid conformers estimated from the relative Gibbs energies at 355 K (P 355 ). in units of "relative intensity") differ from the calculated intensities (in km mol −1 ) because they were set to satisfy the condition that the integrated band area in the simulated spectrum corresponds to the calculated infrared intensity. The theoretical normal modes were analyzed by carrying out the potential energy distribution (PED) calculations, performed according to the procedure described in Refs. 31 and 32. The set of internal coordinates used in the PED analysis was defined following the recommendations of Pulay et al. 33 These coordinates are listed in Table S1 (supplementary  material) . 56 Cartesian force constants were transformed into the force constants with respect to the molecule-fixed internal coordinates. Potential-energy-distribution matrices were calculated, and the elements of these matrices greater than 10% are given in Tables II and III and Tables S2 and S3  (supplementary material) . 56 TABLE II. Experimental wavenumbers (ν/cm −1 ) of the absorption bands in the infrared spectrum of conformer I of gallic acid isolated in N 2 and Ar matrices, compared with wavenumbers (ν/cm −1 ) calculated at the B3LYP/6-311++G(d,p) level. The calculated absolute intensities (A/km mol −1 ) and potential energy distribution (PED, %) are also given. terminal "H-bonded" OH of conformer I. c Superimposed with bands of conformer II. n.o. Not observed. n.i. Not investigated.
III. RESULTS AND DISCUSSION
A. Minima and barriers on the potential energy surface of gallic acid B3LYP/6-311++G(d,p) calculations yield nine different GA minima, whose optimized structures are given in the supplementary material 56 ( Figure S1 ). The four most stable forms are depicted in Figure 1 and have planar geometries (symmetry point group C s ). The five higher energy conformers are non-planar, belonging to the symmetry point group C 1 . The calculated relative energies, relative Gibbs energies, and equilibrium populations for the nine conformers in gas-phase at 355 K are summarized in Table I . 
a Theoretical positions of absorption bands were scaled by a factor 0.978, with exception of the ν(OH) modes which were scaled by 0.94. b PED's lower than 10% are not included. Definition of symmetry coordinates is given in Table S1 56 and atom numbering is given in Scheme 1; ν, stretching; δ, in-plane bending; γ, out-of-plane rocking; τ torsion; s., symmetric; as., anti-symmetric; ac., carboxylic acid group; alc., "alcohol"; (OH) 3 alc.
free OH of conformer II; (OH) 2 alc. middle OH of conformer II; (OH) 1 alc. terminal "H-bonded" OH of conformer II. c Superimposed with bands of conformer I. n.o. Not observed. n.i. Not investigated.
The two most stable forms (I and II) exhibit two intramolecular O-H · · · OH H-bond-like interactions, which are very important in lowering the energy of these forms. Conformer I is predicted to be slightly more stable than conformer II (Table I) and also because of the lower intrinsic stability of the trans arrangement resulting from less favorable bond-dipole and oxygen lone-pairs interactions. 34, 35 The energies of the four conformers exhibiting a trans carboxylic group are higher than that of the most stable conformer by more than 26 kJ mol −1 . Conformer V has a cis carboxylic group and shows two weak O-H · · · OH interactions, and its energy stays about 19 kJ mol −1 above that of conformer I. According to the theoretical predictions, the gas-phase equilibrium at 355 K is dominated by the two most stable conformers, with predicted populations of 58.7% (conformer I) and 40.0% (II). The remaining predicted population (1.3%) is distributed among conformers III (0.5%), IV (0.5%), and V (0.3%), while conformers VI, VII, VIII, and IX have predicted negligible populations.
If GA vapors are transferred into a low-temperature matrix, conversion of higher energy conformers into more stable forms might occur during deposition, depending on the energy barriers separating these forms. This phenomenon is called conformational cooling, and only takes place if the energy barriers separating the higher energy conformers from the lower energy forms are small (a few kJ mol −1 ). 36, 37 In order to obtain information on the energy barriers separating the conformers which might have experimental relevance, relaxed potential energy scans have been performed along the minimum energy paths for the relevant driving coordinates (Figure 2 ).
The energy barrier separating conformers II and I through rotation of the O= =COH group relative to the plane of the ring (C6-C1-C15-O16 dihedral angle) has been estimated as 32 kJ mol −1 , a value which is high enough to allow trapping of the less stable conformer II in the matrix. In turn, the energy barriers separating conformers III and II (by rotation about C3-O13) and conformers IV and I (rotation about C5-O9) are about 12 and 11 kJ mol −1 , respectively. These barriers correspond to transformations involving only the movement of a hydrogen atom (by internal rotation of one OH group) and the barrier heights are relatively small. Relaxation processes through such barriers occur rather efficiently via H-atom tunneling. These easy conversion paths, together with their low population in the gaseous mixture, indicate that conformers III and IV will not be trapped in a freshly deposited cryogenic matrix. Finally, the barrier separating conformers V and II is only ∼2 kJ mol −1 (see Figure 2 ) and, therefore, conformational relaxation of V into II (or I) easily occurs during deposition, preventing trapping of conformer V in a low-temperature matrix.
Various alternative paths for the transformation of conformer II into conformer I shall also be analyzed. Internal rotation of the free hydroxyl OH group in conformer II may induce the subsequent internal rotation of the two other hydroxyl groups, resulting in formation of conformer I, via conformer V. This process has a barrier of ∼18 kJ mol −1 and requires the initial formation of a high-energy species (form V). Hence, it shall not occur spontaneously under cryogenic conditions. Additionally, the conversion between II and I can take place through the simultaneous internal rotation of the three hydroxyl OH groups. This process, however, has a large energy barrier of ∼77 kJ mol −1 . Finally, the intramolecular transfer of the hydrogen atom within the carboxylic acid group can also be considered as a process which might result in the interconversion between the two conformers. Nevertheless, this also requires a large quantity of energy (∼147 kJ mol −1 ) and cannot take place under the considered experimental conditions.
In conclusion, the calculations indicate that only conformers I and II shall be present in the freshly deposited cryogenic matrices, and the other gas-phase populated conformers converting to these two forms during matrix deposition. 
B. Infrared spectra of matrix-isolated gallic acid
Selected regions of the infrared spectra of gallic acid isolated in argon and xenon matrices are presented in Figure 3 (and in a more extended version-in Figure S2 56 ), where the experimental spectra are compared with the theoretical spectra calculated for conformers I and II at the B3LYP/6-311++G(d,p) level of theory.
The absorption spectra of gallic acid isolated in the xenon and argon matrices are very similar to each other and match very well with the theoretical spectrum (Figure 3) . The spectrum of gallic acid isolated in the nitrogen matrix also shows the same main features; however, it presents additional splitting of the bands arising from interactions with the nitrogen molecules of the matrix (Figure S2 56 ). This is expected since nitrogen can establish H-bond-like interactions with the OH groups of gallic acid, giving rise to multiple local environments (sites) around the conformers resulting in splitting of the absorption bands. Additional evidence of the presence of the two most stable conformers in the matrices comes from the analysis of two particular spectral regions, namely those around 630 cm −1 and 1080 cm −1 (Figure 3 ). Indeed, the theoretical spectra of the two conformers are very similar, in terms of calculated frequencies and intensities, with two noticeable exceptions. The vibrational modes giving rise to the bands near 630 cm −1 and near 1080 cm −1 have very close calculated frequencies in the two conformers, but they have very different predicted IR intensities that can be used as markers of the conformers. In fact, in each conformer, one of these two bands has a very low intensity, while the other should be intense enough to be observed. By this reason, the band predicted around 1080 cm −1 can be considered a marker of conformer I, whereas the band predicted around 630 cm −1 may be considered a signature of conformer II. Both these bands appear in the experiment with significant intensities, thus providing a conclusive experimental evidence of the presence of the two conformers in the sample.
The good agreement between the experimental and theoretical spectra allowed a reliable assignment of the major observed IR bands. This is given in Tables II and III for GA isolated in Ar and N 2 matrices, together with the potential energy distribution (PED) analysis. The assignment of the bands in Xe matrix is provided in supplementary material 56 (Tables S2 and S3 ). Overlapping and the presence of site splitting made the assignment of the smaller bands more difficult. These assignments became easier by using information from experiments in which we modified the relative abundance of the trapped conformers, which we will discuss in Secs. III C and III D.
C. Conformational behavior of gallic acid in Xe and Ar matrices
Annealing can induce conversion between the matrixisolated conformers, provided that in the annealed sample the available energy is enough to overcome the isomerization barrier. With the aim of understanding the processes involved in GA conformational conversions, annealing of a freshly deposited GA/Xe sample was carried out. The temperature of the sample was gradually increased from the deposition temperature (30 K) to 55 K, in steps of 5 K. The changes in the conformational composition were monitored by recording the mid-IR spectra of the sample and up to 45 K, no changes were detected. At 55 K, however, the relative intensities of the bands assigned to conformers I and II changed substantially, evidencing a decrease of the bands ascribed to conformer II and an increase of the bands ascribed to the most stable conformer I. Figure 4 illustrates the changes of the mid-IR spectrum occurring upon heating from 30 K to 55 K. These changes clearly show that at 55 K, a thermally induced relaxation process of conversion of II into I becomes accessible and also confirms that conformer I is, as predicted, the most stable form. If we consider the previously mentioned possible mechanisms for the transformation between II and I, we can conclude that the mechanism that involves rotation of the COOH group as a whole, relative to the plane of the ring, is unlikely at 55 K. The respective barrier for rotation of this bulky group is relatively high, 32 kJ mol −1 , and should not be accessible in the matrix at 55 K. 38 Therefore, the mechanism occurring during the thermally induced relaxation of GA in Xe matrix most probably involves the internal rotation of the free OH group (with the more accessible barrier of 18 kJ mol −1 ), which triggers the internal rotation of the two other OH groups.
In order to analyze if this transformation is reversible, after annealing at 55 K, the sample was cooled back to 30 K. Interestingly, we found that the process is essentially reversible (Figure S3 in the supplementary material 56 ), with the relative intensities of the bands of the conformers after re-cooling matching almost exactly the relative intensities found in the freshly deposited sample at 30 K. This result is not expected a priori since the transformation of the most stable conformer into a higher energy form will not occur spontaneously with the cooling of the sample. Some other factor must be responsible for transformation of conformer I into conformer II. This is the near/mid-IR broadband radiation emitted from the source of the spectrometer. This type of effect has already been reported for systems which differ by internal rotation of single OH groups. 39, 40 In the present work, we found that this effect is also operational when the conformational change involves as many as three OH groups.
To confirm that the near/mid-IR broadband radiation emitted from the light source of the spectrometer modifies the relative population of conformers I and II, we have carried out additional experiments in which a GA/Ar matrix was deposited and its mid-IR spectra were recorded exposing the sample only to energies lower than 26 kJ mol −1 , blocking highenergy vibrational transitions from excitations, in particular those corresponding to the CH and OH stretching vibrations. This was done by using a cutoff filter that blocks IR light with wavenumbers above 2200 cm −1 , placed between the spectrometer light source and the sample. Comparing the GA/Ar spectra obtained having the sample protected or unprotected with the filter, we notice that the ratio of populations II/I is significantly smaller when the filter is used. After deposition, the filter was removed and spectra were recorded approximately at 1 min intervals. We observed that exposing the matrix to the unfiltered light of the spectrometer source (including IR light >2200 cm −1 ) resulted in a gradual increase of the II/I population ratio. Then the matrix was again protected from the high-frequency IR light with the filter during several minutes, and once again the population ratio II/I had decreased, reaching the same value obtained during deposition with the filter. In both cases, either in the absence or presence of near/mid-IR broadband irradiation, a different photostationary equilibrium is attained after just a few minutes.
These results suggest that the broadband radiation emitted from the spectrometer induces the population shifts between forms I and II of gallic acid. The populations corresponding to the photostationary equilibria must depend on the absorption cross section of each conformer which vary with and without the filter. The observed changes of the populations were found to be reversible and reproducible. Figure 5 shows the difference spectrum obtained by subtracting the spectrum recorded 13 min after removing the filter from the one recorded immediately after removing the filter. This manipulation with the sample permitted to reliably assign the mid-IR absorptions of conformers I and II. Figure S4 (supplementary material 56 ) presents the time evolution of the transformation of form I into form II after removing the filter. We found that already after 5 min the photoequilibrium is practically attained. These results confirm that irradiation by the spectrometer source was also responsible for changes in conformational populations after re-cooling of xenon matrixes upon annealing.
D. Conformational behavior of gallic acid in N 2 matrix
Attempts were made to study the effect of annealing in the relative abundance of conformers I and II in an N 2 matrix deposited at 20 K; however, no significant changes were observed in the conformational composition till 30 K. Increase of the temperature to 33 K (which is near the limit of stability of solid nitrogen) leads to matrix deterioration and formation of aggregates, without indications of changes in relative conformational population. We had also verified that the usage (or not usage) of the filter during recording of IR spectra of GA in N 2 matrices, unlike in Ar and Xe, does not affect the conformational populations on the time scale of the experiment. They do not depend on the irradiation by the spectrometer broadband near-IR/mid-IR light source. This opened an additional possibility of conformational characterization, as described below.
Since in the GA/Xe and GA/Ar matrices we observed that the near/mid-IR broadband radiation emitted from the light source of the spectrometer was able to upconvert conformer I into conformer II, we started by investigating if the same occurs in the GA/N 2 matrix. To analyze this possibility, while carrying out deposition of a GA/N 2 matrix, we recorded its mid-IR spectra exposing the sample only to energies lower than 26 kJ mol −1 , by using the cutoff filter that blocks IR light with wavenumbers above 2200 cm −1 , placed between the spectrometer light source and the sample. After final deposition, the filter was kept and spectra were recorded at 5 min intervals during 30 min. During this period of time, no changes were observed in the spectra. The filter was then removed and we continued recording the mid-IR spectra of the sample at 5 min intervals during another 30 min period. The spectra obtained without the filter show no differences relative to the spectra obtained while using the filter, indicating that the broadband near/mid-IR radiation has no effect on the conformational composition of the GA/N 2 matrices. These results reveal that in the GA/N 2 matrices the GA conformers I and II are stabilized (probably by interactions between the OH groups of GA and the N 2 molecules of the host) and that effects of narrowband near-IR irradiation on the populations of GA conformers (reported below) can be studied in these matrices without accounting for a putative interference of broadband near/mid-IR radiation effects.
Narrowband near-IR irradiation at selected frequencies is another method that can be used to induce changes in the relative abundance of the trapped conformers and help understanding the underlying mechanisms for the transformations. Figure 6 presents the mid-IR spectrum region of the N 2 matrix isolated GA (Fig. 6(b) ) showing bands due to the fundamental OH stretching vibrations, as well as the near-IR spectrum section (Fig. 6(a) ) where the corresponding first overtone absorptions are observed. Again, it is evident the occurrence of strong site-splitting, which manifests itself as broadening of absorption profiles. Each band encloses multiple absorptions due to the two conformers in a variety of matrix microenvironments (sites). Based on the potential energy distribution calculations (Tables II and III) , the broadband at higher frequency was assigned to the fundamental OH stretching vibrations of the free OH group of conformers I and II (Fig. 6(b) ). The band in the middle was assigned to the stretching vibrations of the H-bonded OH groups (there are two such groups in each conformer) and the band at lower frequency to the stretching vibration of the OH group in the acid function of conformers I and II. The 2ν(O-H) region of the near-IR absorption spectrum of gallic acid in a nitrogen matrix (Fig. 6(a) 6952 cm −1 . The spectral profile in this region is very similar to that of the fundamental OH stretching mid-IR region and, therefore, one can expect the three bands to originate from the first overtone stretching modes of the free OH, H-bonded OH, and carboxylic acid OH moieties, respectively, of forms I and II.
Near-IR irradiation of one conformer at the frequency corresponding to a higher energy stretching O-H vibrational level can induce a conformational transformation. [41] [42] [43] [44] This occurs because the molecule excited via OH stretching vibration can relax by transferring its energy excess into a lower energy torsional coordinate associated with an isomerization transformation. In order to investigate the possibility of formation of higher energy conformers of gallic acid which are not populated (VI, VII, VIII, and IX), or are scarcely populated (III, IV, and V) in the gas phase equilibrium, and the possibility of interconverting conformers I and II, a series of narrowband irradiation experiments has been undertaken, in which matrix-isolated gallic acid monomers in solid N 2 were irradiated at near-IR 2ν(O-H) frequencies.
Irradiation of the matrix containing gallic acid monomers at 7005 cm −1 results in the depopulation of conformer I and population of conformer II, as indicated by the changes in the intensities of the bands in the mid-IR spectrum of the matrix. Figure 7 shows the difference between the mid-IR spectra recorded after and before irradiation at 7005 cm −1 , compared with the difference between the theoretical vibrational spectra of conformers II and I. The experimental and theoretical data match very well. In particular, the experimental ν(C= =O) bands clearly show the build-up of conformer II (components at 1749.6, 1748.9, and 1747.0 cm −1 ) and depopulation of conformer I (band at 1742.9 cm −1 ) upon irradiation at 7005 cm −1 . Irradiation at 7000 cm −1 was found to have the same effect. In both cases, no new bands were detected in the mid-IR spectra after irradiation. However, the formation of very small quantities of short-lived higher energy conformers would be unnoticed, and therefore cannot be ruled out. Compared to the irradiations performed at 7005 and 7000 cm −1 , irradiations carried out at 6995 cm If the near-IR-excitation is selective, then the form under excitation will be depopulated, and the non-excited form will be accumulated. Whatever the mechanism is, the net result will be the same. If the excitation is simultaneously acting on both conformers (that would be the case when their overtone absorptions overlap), then a photostationary state will be established. The position of such photostationary state depends mostly on the relative efficiency for excitation of the two conformers (and also on the branching ratios for their vibrational relaxation).
Since the absorption frequencies close to 7000 cm −1 are due to the 2ν(O-H) vibrations of the H-bonded OH groups in conformers I and II, the process of interconversion of conformers I and II through irradiation at 7005, 7000, 6995, and 6985 cm −1 probably involves rotation of at least one of the two H-bonded OH groups of these forms. At this point, we must recall that conformers I and II differ by a 180
• rotation of the acid group relative to the ring or, alternatively, by a 180
• rotation of all the three hydroxyl groups in the ring, which lead to equivalent results.
We shall first analyze the processes occurring when the sample is irradiated at 7005 cm −1 (the same for 7000 cm −1 ), which result in population of conformer II and depopulation of conformer I. Let us first consider the rotation by 180
• of the O9H10 group (terminal H-bonded OH group) in conformer I. This transformation converts conformer I into conformer IV (Figures 1 and 2) . On the other hand, rotation by 180
• of the O11H12 group (middle H-bonded OH group) transforms conformer I into conformer III. The potential energy profiles for these transformations can be seen in Figure 8 , described by the green curve on the right and the blue curve on the left, respectively. The discontinuity in the potential energy curve along the C5-C4-O11-H12 coordinate (blue) is caused by the sudden rotation of the O9H10 group induced by the increasing repulsion between atoms H10 and H12 as the coordinate jumps from 180
• to 0
• . The energy profiles in Figure 8 reveal that the transformation of form I into form IV (83.7 kJ mol −1 ) provide the necessary energy to induce these transformations.
Conformers III and IV are unstable and would promptly relax into one of the most stable forms I or II. Indeed, the energy barrier separating conformer IV from I is only about 11 kJ mol −1 , and this transformation can occur easily by tunneling. Conformer IV can then relax back into form I, with a net result of no change in the populations of forms I and II, or, alternatively, decay into form II, in a less favorable process since it requires tunneling through a higher barrier of ∼20 kJ mol −1 (Figure 9 ). The situation is similar regarding the relaxation of conformer III. The easiest path for the relaxation of conformer III is, in this case, the conversion into conformer II, through a barrier of about 12 kJ mol −1 , which can be easily crossed by tunneling (Figures 8 and 9 ). The alternative path of conformer III relaxing back into form I would imply to cross a barrier of ∼18 kJ mol −1 (Figure 9 ), and its relaxation into IV would require the crossing of a barrier of 25 kJ mol −1 (Figure 8) .
Therefore, we have seen that irradiation of the matrix at 7005 (or 7000 cm −1 ) can convert a fraction of the population of conformer I into forms III and IV, depending on which of the two H-bonded OH groups of conformer I acts as energy acceptor mode. While conformer IV relaxes preferentially by back-conversion to conformer I, conformer III relaxes predominantly by converting into conformer II, thus providing a mechanism for the overall result of conversion of a fraction of the population of form I into form II. The conversion of conformer II into conformer I through irradiation at 6995 cm −1 (or 6985 cm −1 ) can be interpreted using a similar reasoning.
We have also irradiated gallic acid isolated in a nitrogen matrix at 7085 cm −1 , which is the maximum of the 2ν(OH) band for the free (not involved in H-bonding) OH group in conformers I and II (Figure 6 ). This had the effect of partial conversion of conformer II into conformer I. The internal rotation of the O9H10 group in conformer II (free hydroxyl group) has an energy barrier of about 18 kJ mol −1 , and, therefore, irradiation at 7085 cm −1 (84.76 kJ mol −1 ) provides enough energy to induce this transformation. The rotation of O9H10 group in conformer II will induce the successive internal rotations of the O11H12 and O13H14 groups, with the final result of conversion of conformer II into conformer I. Note that, as above, we are assuming here the existence of a preferential energy relaxation channel connecting the initially excited OH stretching vibration to the corresponding OH torsional mode. The existence of such preferential relaxation channels has been suggested at least for some molecules, instead of a strictly statistical randomization of energy through all a priori accessible modes, justifying, for example, the similar efficiency of the near-IR induced conformational conversions in molecules with very different numbers of a priori accessible acceptor modes (e.g., formic acid and hydroxyl forms of cytosine). 18, 41 Selectivity for specific vibrational energy channels has also been found (e.g., in methyl nitrite) in time resolved vibrational spectroscopy experiments. 45 Nevertheless, vibrational energy relaxation through geometrically distant groups have also been observed recently for 6-methoxyindole 46 and 2-thiocytosine, 47 so that a contribution of this type of processes to the observed isomerization reactions cannot be ruled out.
The band with a maximum at 6952 cm −1 has been assigned to the first overtones of the OH stretching transitions in the fragment O= =COH in forms I and II (see Figure 6 ). We have also carried out irradiation of matrix isolated GA at this frequency and observed that it has a net result of conversion of a fraction of the population of conformer I into conformer II. Assuming here once again the existence of preferential relaxation channels involving vibrations of groups localized nearby the excited vibration, one possible mechanism for the transformation is that the excitation of form I at 6952 cm −1 converts this form into conformer II by a simple 180
• rotation around the C-C bond connecting the O= =COH group to the aromatic ring. Another possibility is that internal rotation about the C-O carboxylic bond takes place initially, converting conformer I into form VI (inset in Figure 10 ). In form VI and also in form VII (inset in Figure 10 ), the O= =COH fragment adopts the trans orientation, and, therefore, these are high-energy forms. Figure 10 shows the potential energy profiles connecting forms I, VI, VII, and II, and Figure 11 presents the potential energy surface (PES) 2D-map of gallic acid in the neighborhood of these minima. The PES calculations were performed at the B3LYP/6-311++G(d,p) level on a 2D grid of points in which the C1-C15-O17-H18 and the C6-C1-C15-O16 dihedral angles were fixed at intervals of 20
• , and all the other parameters were optimized. From Figures 10 and 11 , we can see that the energy barrier separating forms I and VI is around 51 kJ mol −1 , and therefore irradiation at 6952 cm −1 (83.16 kJ mol −1 ) can promote this transformation. Relaxation of form VI can occur by two processes. The first involves relaxation by tunneling back to conformer I. A second process may involve some transfer of energy to the torsional mode of the C-C bond connecting the COOH group to the ring. The vibrationally excited form VI can then convert into form VII, and the latter subsequently relax into form II (Figure 10 ). It has been found for benzoic acid and substituted analogues that the relaxation of the trans O==COH forms into the cis forms is too fast to be detected by steady-state spectroscopy, 48 which could also explain why, in the present study, forms VI and VII were not detected in the matrix. This latter relaxation process can also be responsible for the conversion of a fraction of the population of conformer I into conformer II through irradiation at 6952 cm −1 . At this point, it shall be pointed out that all observed conformational conversions induced by near-IR irradiation (involving excitation of different OH groups in the molecule) can be explained by mechanisms assuming the existence of preferential relaxation channels connecting vibrations of nearby groups to the excited one. Nevertheless, as already mentioned, the existence of vibrational energy relaxation through geometrically distant coordinates that might also lead to the observed isomerization reactions cannot be ruled out, and this point is open to further investigation.
An additional comment on the near-IR-induced isomerization processes discussed above shall be done. Figure 12 shows the assignment of the fundamental ν(OH) vibrations in the mid-IR spectrum of gallic acid monomers in a nitrogen matrix ( Fig. 12(a) ) and it also indicates the frequencies at which gallic acid conformers were irradiated (Fig. 12(b) ). If we transpose the assignment of the fundamental vibrations into the overtone spectrum, we can see that the frequencies 7085, 6995, and 6985 cm −1 are 2νOH) vibrations of conformer II and the frequencies 7005, 7000, and 6952 cm −1 are 2νOH) vibrations of conformer I. This is in total agreement with the observed effect of each irradiation frequency and with the possible associated mechanisms of relaxation above discussed.
E. Narrowband UV irradiation experiments
Monomers of gallic acid isolated in Xe matrices were irradiated with narrowband UV laser light. For the first irradiation, UV light with λ = 305 nm was chosen. Gradually shorter wavelengths of UV light were used for subsequent irradiations of the matrix. After each irradiation (with typical duration of 5 min), the matrix was monitored by taking its IR spectrum. The cycles of UV irradiation and FTIR monitoring continued to a total time of 230 min, with the UV wavelength reduced every time by 2 or 5 nm. Changes were observed in the spectra upon irradiation within all the used wavelength range, 275 nm ≤ λ ≤ 305 nm, with the IR bands of gallic acid reducing their intensity and new bands due to photogenerated products emerging (Figure 13 ). The population ratio of the conformers did not change during the UV-induced transformation of the compound, showing that both conformers were consumed at the same rate.
From results previously reported on the photochemistry of matrix-isolated phenols, [49] [50] [51] it could be expected that, upon UV irradiation, GA undergoes photoinduced cleavage of the free OH bond and forms phenoxyl radical analogue. This is followed by recombination of the detached hydrogen atom with the phenoxyl radical analogue at the ortho or/and para position, leading to formation of the 2,4-or 2,5-cyclohexadienone derivatives. The appearance of a new band at 1640 cm −1 , which can be attributed to the stretching vibration of a C= =O group attached to a sixmembered ring, supports this hypothesis. Additionally, the new band at 1736 cm −1 , in the C= =O stretching region typical of carboxylic acids, suggests the formation of an initial photoproduct maintaining the carboxylic acid group. Comparison of the calculated IR spectra of the 2,4-or 2,5-cyclohexadienone derivatives with the observed spectrum of the irradiated matrix showed that the 2,4-cyclohexadione (2,4-CHD) species (resulting from radical recombination at the ortho position) has a vibrational profile fitting better the experimental data than the 2,5-derivative (in particular, in the carbonyl stretching region). Though the production of the 2,5-cyclohexadienone (2,5-CHD) cannot be firmly excluded, the 2,4-cyclohexadienone derivative appears as the best candidate for the major photorearrangement product of matrix-isolated GA. Since the 2,4-CHD form may exist in two low energy conformers structurally related with GA conformers I or II (see Scheme 2), it can be proposed that both 2,4-CHD derivative conformers are produced and contribute to the IR spectrum of the irradiated GA matrix. Indeed, the most characteristic IR bands predicted for the 2,4-CHD conformers match very well with the observed bands from GA photoproducts. In particular, in the OH stretching region, the bands predicted at ∼3547 cm −1 for both conformers of SCHEME 2. Proposed major photoproducts of UV-induced transformation of gallic acid isolated in a Xe matrix. the 2,4-CHD and at 3543 cm −1 for conformer II are very close to the product band observed at 3537 cm −1 , and the calculated bands at 3434 cm −1 (2,4-CHD -conformer II) and 3429 cm −1 (2,4-CHD -conformer I) match very well with the new experimental bands at 3434 cm −1 and 3423 cm −1 , respectively. In the ν(C= =O) region of the carboxylic acid group, the predicted bands of the 2,4-CHD conformers (1733 and 1741 cm −1 , for forms I and II, respectively) also match very well with the experimental band observed at 1736 cm −1 . Furthermore, concerning the ketone group attached to the ring, the predicted bands at 1644 cm −1 and 1642 cm −1 (for 2,4-CHD conformer I and II, respectively) explain the photoproduct bands observed at 1648 and 1641 cm −1 , though the intensity of the bands in the experimental spectrum appears lower than the corresponding bands in the calculated spectra because of partial overlap with reactant bands. The proposed assignments for the observed bands of the 2,4-CHD species are provided in Table IV . Some of these assignments are tentative, in particular in the 1200-1400 cm −1 region, where the fit between the experimental and calculated data is not so good and extensive overlap with intense bands of the reactant occurs.
Besides 2,4-cyclohexadienone, however, other species must be formed upon photolysis of GA and contribute to the observed spectrum of the irradiated matrix. The assignment of the photoproduct bands centered at 2337/666 cm −1 and in the 2150−2100 cm −1 region (see Figure 13 ) is straightforward. The first set of bands can be readily assigned to matrix-isolated CO 2 , corresponding to the bands previously observed for this molecule isolated in solid xenon at 2334 and 667 cm −1 , 52 and the last to ketene (the presence of CO or of ketene species resulting from ring-opening reactions of the 2,4-CHD forms cannot be excluded since they give also rise to bands in this region). [49] [50] [51] 53, 54 The band observed at 586 cm −1 in the spectrum of the photolysed matrix can also be assigned to the ketene species (γCH 2 mode, predicted at 587 cm −1 with a large intensity; 107.3 km mol −1 ). In turn, the band observed at ∼767 cm −1 (partially overlapped by a reactant band) and possibly also the small bands at 3303 and 3298 cm −1 , may be ascribed to acetylene (reference values: 728, 3281, and 3267 cm −1 ), 55 while that observed at 1206 cm −1 probably originates in ethynediol, whose most intense IR band is predicted at 1200 cm −1 (see Table S4 in the supplementary material). 56 The presence of CO 2 , ketene, acetylene, and ethynediol can be easily justified, assuming fragmentation of 2,4-cyclohexadienone, as shown in Scheme 2. The relatively small frequency shifts observed in some of the bands assigned to these molecules in relation to their position in the spectra of genuine samples of the compounds isolated in a xenon matrix [52] [53] [54] [55] indicate that, in the present case, they are interacting to some extent in the matrix cage where they were formed as result of the photolytic reaction.
IV. CONCLUSIONS
Monomers of gallic acid were isolated in cryogenic noble gas and N 2 matrices and subjected to annealing and both narrowband near-IR and UV irradiations. Interpretation of the experimental results was helped by an extensive series of quantum chemical calculations carried out at the DFT(B3LYP)/6-311++G(d,p) level of approximation. These calculations allowed characterizing in detail the ground state potential energy surface of the molecule.
The two lowest energy conformers of gallic acid (stabilized by two intramolecular OH · · · OH H-bond like interactions and exhibiting different orientation of the carboxylic acid group relatively to the trihydroxy-substituted aromatic ring) were observed experimentally in all studied matrices. These conformers could be interconverted successfully by near-IR pumping of the OH stretching overtone vibrations of the reactant conformer (either I or II). Also, annealing of the Xe matrix led to conversion of conformer II (of higher energy) into conformer I (the lowest energy form). The effects of the spectrometer IR broadband source beam on the conformational populations were also investigated, and it was shown that exposure of the compound isolated in noble gas matrices resulted in the attainment of different photostationary equilibrium positions depending on whether the sample is subjected to irradiation by the broadband spectrometer source beam or not. All these results allowed separating the individual spectra of the two conformers and performing their detailed assignment.
For all observed conformational conversions induced by near-IR irradiation (involving excitation of different OH groups in the molecule), though the existence of vibrational energy relaxation through geometrically distant coordinates cannot be excluded, it was shown that a mechanism assuming the existence of preferential relaxation channels connecting nearby coordinates to the excited one may be postulated.
Finally, the UV-induced photochemistry of the matrixisolated monomeric gallic acid was investigated and found to follow the general patterns exhibited by phenol-type compounds. [50] [51] [52] It was concluded that the 2,4-cyclohexadienone derivative, resulting from photoinduced cleavage of the free OH bond of gallic acid followed by recombination of the hydrogen atom with the formed phenoxyl radical analogue at the ortho-position, is the major photorearrangement product, while photofragmentation products (such as acetylene, CO 2 , ketene, and ethynediol) were also found to be present in the irradiated matrices.
